The reaction of ^C methyl-labelled HeLa cell 28 S ribosomal RNA with sodium bisulphite was studied. Using conditions under which 30% of the total cytidine residues were de-aminated to uridine, the reactivities of individual cytidine residues near particular methylation sites differed widely; some underwent almost quantitative reaction, some showed intermediate reactivity and others were almost inert. The possible value of this method as a conformational probe for ribosomal RNA is discussed.
INTRODUCTION
Investigation of the chemical reactivity of nucleotides in RNA has proved to be an effective probe of conformation, as shown convincingly for yeast tRNA e (l,2).
One such method involves the use of sodium bisulphite, which reacts with non-hydrogen-bonded pyrimidine residues (3, 4) . Of the resulting adducts, 5-6 dihydrocytidine-6-sulphonate is slowly hydrolyzed to the uridine analogue. This may be converted, by adduct removal at slightly elevated pH, to uridine.
The reaction has been used to identify non-hydrogen-bonded cytidine residues in tRNA (5) .
Such studies have been confined mainly to small molecules of known sequence, since analysis to define reactive sites in large molecules is generally much more complex.
Recently, however, the reactivity of the polycytidylate tract in encephalomyocarditis virus RNA has been studied (6) .
Eukaryotic ribosomal RNA contains numerous methylated nucleotides.
The sequences surrounding most of these have been determined in HeLa rRNA (7) . Methylation occurs principally at the level of ribosomal precursor RNA (7) (8) (9) , and is necessary for ribosome maturation (10) . The chemical basis of enzymic "recognition" of particular nucleotides for methylation is not known, nor is the precise biological role of this process.
Insight into these questions might be gained from knowledge of polynucleotide conformation(s) at the methylation sites. Here we explore the potential of sodium bisulphite modification as a conformational probe for several of the methylation sites in HeLa cell 28 S rRNA.
METHODS
HeLa cell rRNA, 3 2 P labelled or lZf C methyl-labelled, was prepared as described previously (7) . 28 S RNA (20 -50 ^g) was modified at 25& in lml 3M bisulphite, pH 6.0, for 2k hrs, after which bisulphite was removed by two dialyses against 0.15M NaCl, 0.01M Tris-HCl, pH 7.5. Adducts were removed by dialyses against 0.1M Tris-HCl (pH 9.0 at 37°) for 9 hrs. at 376.
The RNA solution was neutralized by dialysis against 0.05M Tris-HCl, pH 7.0. Salt was removed by exhaustive dialysis against distilled water.
The RNA was then lyophilized. Digestion with ribonuclease T^f fingerprinting, numbering'of (unreacted) spots and characterization of methyl-labelled alkaline hydrolysis products by electrophoretic mobility at pH 3.5 were carried out as previously described (7) . RESULTS
Reaction conditions
The reaction conditions were chosen on the basis of experience with tRNA (5) and the results of kinetic experiments with * 2 P labelled 28 5 RNA. The latter showed that after 22 hours of reaction, followed by adduct removal, some 30$ of the cytidine had been deaminated to uridine (Table l) .
Adenosine and guanosine were not affected by the reaction.
After 70 hours some 509$ of the cytidine had been deaminated, and time points up to 100 hours (not shown) indicated that a plateau had been reached, beyond which little or no further reaction was occurring under these RNA, unreacted or reacted for the periods indicated, was subjected to alkaline hydrolysis, and the products were separated by electrophoresis on Whatman 52 paper at pH 3.5.
Radioactivity in the four major bands was determined, that in the minor alkali-stable bands being ignored.
The unreacted values agree well with those published (ref. 17 ; values shown for unlabelled RNA; and ref. 18). Our unreacted value for Cp (31.6$) was used for computing the percentage of C p -> U p conversion in the reacted samples. The non-reactivity of Ap and Gp is evident.
These results were selected for illustrative purposes from a more detailed kinetic analysis (J.P. Goddard, unpublished).
conditions.
Thus somewhat more than half of the potentially reactive cytidines reacted within 24 hours. Their average rate of reaction was much less than that found for poly C (5), in which half the cytidine reacted within 5 hrs.
This suggested a spectrum of reaction rates for individual cytidine residues in 28 S RNA.
As will be shown, this appeared to be the case for the sequences studied.
1U
C methyl-labelled 28 S RNA Figure 1 shows T-, ribonuclease fingerprints of C methyl-labelled 28 S RNA, untreated and after reaction with bisulphite.
The reacted sample shows relative decreases in intensity of many spots, and also many new spots. The diminished spots represent oligonucleotides with reactive cytidines.
The new spots contain uridines derived by reaction of bisulphite with these cytidines.
Products in the T, fingerprinting system segregate into graticules, products in the first graticule containing no uridines, products in the second graticule one uridine, and so on (11). (A second guanosine, due to 2'-0- . 25, 29 and 32 contain no cytidine and are not discussed (7) . Above second graticule reacted sample yields many new products, not distinguished in key. methylation, confers a roughly similar effect on mobility as a uridine).
Therefore in the first graticule the bisulphite reaction can only cause loss of material from cytidine-containing products.
In the second graticule not only are some normal cytidine-containing spots diminished, but new spots appear by cytidine->uridine conversions within sequences which derived originally from the first graticule.
The "two or more uridines"graticules are poorly resolved here, but may be resolved by other methods (7, 11, 12) .
The effects of bisulphite on sequences in these graticules become increasingly complex due to reaction of many normal products and also acquisition of new spots by modification from both previous graticules.
Consequently, here we shall confine attention to effects within the first two graticules, in which a representative sample of possible effects was found.
Reference products
Three products containing neither cytidine nor uridine were used as reference products for quantitating the degree of reaction of other, cytidine-containing products in the bisulphite-treated samples.
These products were spots 3 (Am-G), 9 (A-Am-G) and 21 (Gm-G) ( Table 2 ) . The molar yields of these products in control 28 S RNA were determined previously by a two stage analysis:-(i) Using the combined T, plus pancreatic ribonuclease fingerprinting system, with P labelled RNA, it was shown that many methylated sequences occur once per molecule (13, l M .
(ii) The individual yields of these three and all other T, 14 products in C methyl fingerprints were then computed from an assumed mean of one for twenty-two well resolved sequences (all those with approximately unimolar values and one methyl-group in the first two graticules (7)). On the basis of these assumptions, the yields of spots 3, 9 and 21 were non-integral, possibly because, being short products and hence very stable towards over-digestion, their recovery was slightly better than that of the others. In computing the yields of other products in the bisulphitereacted RNA it was rational to attribute an equal value Table 2 Molar yield (a) Untreated Reacted ?
Reference Products:- to the sum of the molar yields of these three (unreactive) products as for the same products in the unreacted RNA. (Two of these products occur in high yield, thereby minimizing radioactive counting errors). Assuming an equal sum of molar yields for these three products in control and reacted RNA, agreement between the individual yields was reasonably good (Table 2) , providing an indication of the reproducibility of the methods. Reactivities of methylated sequences.
The remaining sections of Table 2 show the reactivities of the cytidine-containing sequences. These are arranged in groups:-those containing a single 2'-0-methyl C, those with an unmethylated C near to another 2'-0-methylated nucleotide, and so on. Each product occurs approximately once per molecule in fingerprints of untreated 28 S RNA (7), and therefore each represents a unique region of the 28 S molecule. The sequences encompass a wide range of reactivities. In addition to the quantitative values the results are interpreted by numbers of pluses in the right hand column of the table (see legend). Aspects of the results are discussed below. Products of reaction.
Where the original sequence contained one cytidine and no uridine, identification of the reaction product was straightforward; it contained one uridine.
For example the position of the new spot, 6b, which was present in about half molar yield in modified 28 S RNA, suggested the composition (A,U)Gp.
Alkaline hydrolysis yielded a dinucleotide of Ry (pH 3.5) corresponding to Gm-Ap or Am-Gp (7). Collectively these findings indicated that the spot is U-Am-Gp, arising from reaction of C-Am-Gp (spot 6).
Three further examples of reactions involving single C->U changes, one of them (spot 7) involving a 2'-0-methyl C, are given in Table 3 .
For a sequence with two or more cytidines the reaction product(s) may contain one or two "new" uridines, depending on whether one or both cytidines reacted.
Product identification should distinguish between the various possible reactions, but so Table 3 New Spot Sequence
Derived from
Origin of selected new spots in T^ fingerprints of methyl labelled 28 S RNA after reaction with bisulphite. The products were identified from their mobilities in the two dimensional system (indicating their base compositions), the electrophoretic mobility at pH 3.5 of the respective alkali stable dinucleotides (7) and knowledge of the original (unreacted) sequences.
There was approximate agreement between the molar yields of the new spots and the extent of reaction of the original products, though quantitation was slightly unreliable for spots 6b, 7b and lib due to the close proximity of other unreacted spots, 24' (A-Gm-G), 25 (Am-U-G) and 29 (A-A-Um-G) respectively.
15b was well resolved and was recovered in 0.8 molar yield, in good agreement with the almost complete disappearance of spot 15 ( Table 2 ) . far this has not been carried out in these more complex situations.
DISCUSSION
Of the approximately seventy methyl groups in HeLa cell 28 S RNA (7), the reactivities of sequences encompassing twenty-three have been examined here, another (approximately) thirteen methyl groups providing reference material. No obvious general rules emerge from the results obtained from this sample.
It might, perhaps, have been speculated that methylation sites, in order to be recognized by the methylase(s), would occupy exposed conformations.
In fact some of the sequences are rather unreactive, notably spot 2, derived from the sequence G-Cm-G.
Ribose methylation is a very early event in rRNA maturation, probably occurring on nascent 45 S RNA (8, 7) .
It is possible that after ribose methylation has occurred further secondary or tertiary interactions intervene during 45 S RNA chain completion or rRNA maturation, thus rendering inaccessible at least some of the sites which were accessible at the time of methylation.
Nevertheless, it seems likely that information on the reactivities of particular nucleotides will become useful in several ways, in conjunction with more extensive nucleotide sequence data or comparative data.
It is reasonable to infer that the most reactive sequences, spots 14, 15, 26, 28 and 36 (Table 2) contain one or more cytidines in exposed regions, within the 28 S tertiary structure.
In such cases the C residue may either be unimportant for function, or it may be highly important in making contact with (for example) a ribosomal protein or another component of protein synthesis.
Product 26, Um-A-C-G, contains a very reactive C.
Interestingly, this product is absent in the Xenopus 28 S fingerprint, in which the related oligonucleotide, Um-A-U-G occurs instead (14) . A C -W base change is a likely explanation, suggesting that this particular (reactive) C does not play a crucial role in ribosome function (or, for that matter, in recognition of this sequence by the methylase).
By contrast spot 36, in which one or more C residues are reactive, seems to be a constant vertebrate sequence (unpublished fingerprints of Khan and Maden) .
It is possible that in this case the cytidines play an important role.
In fact the doubly methylated component, Gm-A-.Am-A-Gp, has been reported in the 28 S ribosomal RNAs of such distantly related organisms as Drosophila (15) and yeast (16) and therefore seems to be a highly conserved eukaryotic sequence.
There appears to be considerable scope for usefully extending the present type of analysis, for example by more detailed kinetic analysis of the reactivities of individual sequences, by analysis of reactivities of further unique sequences within 28 S and 18 S RNA, and of the same sequences within the various ribosomal precursor RNAs.
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